The catastrophic Sanyanyu and Luojiayu debris flows, which were induced by heavy rain, struck Zhouqu County in Gannan Prefecture, Gansu Province, at approximately midnight, 7 August 2010 (Beijing time, UTC ? 8), causing 1765 fatalities and huge economic loss. The ZHQ seismic station is located approximately 170 m west of the outlet of the Sanyanyu gully, and its power system was destroyed by the Sanyanyu debris flow when its leading edge reached the vicinity of the seismic station. In this paper, seismic signals recorded approximately 10 min before its termination are collected and analyzed to study the Sanyanyu debris flow. A double-exponential model is first proposed to quantitatively characterize seismic energy distributions in the frequency domain, which reveals that the peak frequency of seismic signals is around 5 Hz. Influenced by the Doppler effect, the peak frequency of the N-S component is the highest, and the U-D component is the lowest. Time-frequency analysis is applied to the seismic signals. From the spectrogram, it is easily observed that the formation time of the Sanyanyu debris flow is around 23:33:10. The entire debris flow is divided into three phases with distinct frequency characteristics, using 23:36:20 and 23:37:35 as crucial times. The frequency energy distributions in the first two phases are relatively stable, and are constrained in 0-8.8 Hz and 0-17.8 Hz, respectively. For the third phase, the upper boundary of frequency energy increases in a nearly linear manner, reaching approximately 35 Hz at the end. We calculate synthetic seismograms of the Sanyanyu debris flow. Generally, synthetic seismograms have morphological features and characteristics in key stages similar to those of the actual seismic records, and their maximum values are of the same magnitude. Our results suggest that the seismic source of a debris flow can be represented by a single-force model, and reveal that real-time monitoring and rapid identification of potential debris flows using broadband seismic network records is possible, which can provide approximately 15 min of pre-event warning for local residents and hopefully save many lives.
Introduction
Most of western and southwest China is characterized by mountainous areas with dramatically varying terrain, resulting in extensive development of catastrophic natural geological hazards, such as landslides and debris flows, which seriously affect the lives of local residents (e.g., Cui et al. 2003; Zeng et al. 2014) . Debris flows are generally induced by heavy rain. During a debris flow, mixtures containing water, debris, and loose sediment rush out of the outlet of a gully at a very high speed, carrying a large amount of material and energy, destroying cities and villages and causing widespread devastation. At present, studies on debris flows are mainly carried out after their occurrence, since they are usually unpredictable. They are also very destructive, and field measurement equipment is usually destroyed; thus data cannot be collected. Under these conditions, real-time monitoring and rapid identification of a potential debris flow is essential for enacting early warning protocols and enabling effective relief-andrescue operations.
Remote and continuous observations from seismic networks provide a novel and reliable means to quantitatively extract physical properties of flows on the earth's surface; for example, seismic records have been used to monitor river discharge (Burtin et al. 2008 ) and to study the formation of a barrier lake by landslides and the collapse of a dam (Feng 2012) . Studies show that broadband seismic records also provide a good tool for extraction of key parameters of debris flows (e.g., Arattano 1999; Burtin et al. 2009 ). Characteristics of the seismic signals generated by debris flows have been researched in detail by physical experiments and field observations, which have shown that they are caused by the friction between the flowing material and the boundary and the collision between the flowing substances (e.g., Huang et al. 2004 Huang et al. , 2007 Ekström and Stark 2013; Yamada et al. 2013 ). In addition, the predominant frequency of seismic signals is relatively high, resulting in rapid seismic energy attenuation (e.g., Huang et al. 2008; Burtin et al. 2009 ), and the seismic amplitude is proportional to the discharge of the debris flow (Huang et al. 2008 ). An early warning system for debris flows based on seismic network observations requires properties of seismic signals recorded very close to the events; however, near-field observations of debris flow signals are seldom reported.
In this paper, we analyze seismic signals generated by a giant debris flow and recorded on a seismic station very close to the event to extract their frequency characteristics. Subsequently, we calculate synthetic seismograms of the debris flow on the seismic station using a single-force seismic source model and configurations of the Sanyanyu gully, and compare the results with the recorded seismic signals. The frequency characteristics of the debris flow seismic signals and procedures for computing its synthetic seismograms presented here are expected to support early warning systems for debris flows based on seismic network observations.
Zhouqu Debris Flows and Seismic Observations
Heavy rain began in Zhouqu County on the night of 7 August 2010 (Beijing time, UTC ? 8, used throughout this paper), with maximum hourly intensity of up to 77.3 mm (Yu et al. 2010) . Debris flows induced by the heavy rainfall rushed out from the Sanyanyu and Luojiayu gullies, destroying a large number of buildings in Zhouqu County and causing 1765 fatalities. The total amount of sedimentary deposits accumulated by the debris flows was as large as 2.2 9 10 6 m 3 , most of which was deposited on the original alluvial fan, and a small part rushed into the Bailong River in front, forming a 9-m-high dam (Tang et al. 2011 ) and a 3-km-long barrier lake (Fang et al. 2010) . Blocked by the newly formed dam, the water level of the Bailong River rose about 8 m, and part of the water went over the bank into Zhouqu County, causing further disasters (Yu et al. 2010; Tang et al. 2011) .
The ZHQ seismic station is located approximately 170 m west of the outlet of the Sanyanyu gully, as shown in Fig. 1 . The power system of the ZHQ station was destroyed by the Sanyanyu debris flow when its leading edge reached the outlet of the gully, marking the termination of the seismic records. However, before that, seismometers recorded the continuously varying waveforms, as shown in Fig. 2 . The ZHQ seismic station is located very close to the outlet of the Sanyanyu gully, and more than 64% of the sediments were from the Sanyanyu drainage basin, indicating that the seismic energy recorded by the station was mainly generated by the Sanyanyu debris flow. The length of the main channel in the Sanyanyu gully is 10.4 km and its basin area is 25.75 km 2 , as shown in Fig. 1 . At an altitude of 1600 m, the Sanyanyu gully is divided into two tributaries: the Dayanyu gully to the west and the Xiaoyanyu gully to the east. The maximum elevation at the source area is 3830 m, and the minimum elevation near the outlet is 1340 m. The slope is about 39°at the source area and only 5.7°in the sedimentary area, with an average of about 13.4° (Tang et al. 2011) .
Seismic Signals Generated by the Sanyanyu
Debris Flow
Frequency Characteristics of Seismic Signals
The amplitude spectra of seismic signals in Fig. 2 are shown in Fig. 3 . Unlike seismic signals generated by earthquakes and landslides, whose seismic energy is concentrated within the frequency band at less than 10 Hz (e.g., Deparis et al. 2008; Dammeier et al. 2011; Hibert et al. 2011; Kao et al. 2012; Chen et al. 2013) , energy in the debris flow signals observed herein covers almost the entire frequency band, with peak frequencies at * 5 Hz. Before and after the peak frequency, the seismic energy increases and decreases exponentially, respectively, with different rates. We propose a model using the following equation to characterize the seismic energy distribution in the frequency domain:
where a 0 is the peak amplitude, f p is the peak frequency, and b l and b r are the coefficients of the growth phase and the reduction phase, respectively. The best-fit coefficients for the three components are provided in Table 1 . From the results, we observe that the peak frequency of the N-S component is the largest, the E-W component is the second largest, and the U-D component is the smallest. We attribute this phenomenon to the Doppler effect. The movement of the Sanyanyu debris flow was mainly horizontal, and more specifically, from north to south. Therefore, the influence of the Doppler effect on the seismic record from strong to weak is the N-S component, the E-W component, and the U-D component, respectively. Influenced by the Doppler effect, the relationship between the true frequency and its apparent value is:
where f obs is the observed frequency, f real is the true frequency, v w is the wave propagation speed, and v m is the movement speed of the signal source, the debris flow in this case. Taking a wave propagation speed of 100 m/s (Arattano 1999 ) and a debris flow movement speed of 10 m/s (Tang et al. 2011 ) allows us to obtain the f obs =f real of * 1.1. Since the horizontal movement of the debris flow is much larger than its vertical movement, we assume that the influence of the Doppler effect on the U-D component is negligible, suggesting that the true peak frequency of debris flow signals can be approximated using 4.86 Hz. Taking the observed peak frequency of 5.77 Hz for the N-S component, we obtain the observed f obs =f real of 1.187, which is in agreement with the theoretical result. The best-fit results also reveal that the peak amplitude of the N-S component is the largest, and the U-D component is the smallest, indicating the influence of the movement direction of the debris flow on the seismic signals.
Stages of the Sanyanyu Debris Flow Revealed by Seismic Signals
The spectrogram of the U-D component seismic signal was acquired using the short-time Fourier transform, as shown in Fig. 4 . From the spectrogram we observe that the effective signal starts at approximately 23:33:10. Before this time, the seismic amplitude is small and the peak frequency is low, showing characteristics of background signal. Seismic signals after this time can be further divided into three stages. The first stage is from 23:33:10 to 23:36:20, with a stable main frequency within 8.8 Hz. The second stage is to 23:37:35, with a stable main frequency within 17.8 Hz. Seismic signals from 23:37:35 to the end constitute the last stage. During this stage, the upper boundary of main frequency increases linearly to * 35 Hz. The main frequency band of seismic signals extends to a higher frequency with time, showing characteristics of an approaching seismic source, as the high-frequency seismic energy decays rapidly, and a higher frequency corresponds to a shorter propagation distance.
Possible Precursors of the Debris Flow
Seismic signals from 22:30:00 to 23:33:10 were selected to study the precursors of the debris flow. The waveforms are shown in Fig. 5 . We observe that seismic signals during this period have two obvious features. First, the seismic amplitude begins to increase substantially from about 23:24:00, indicating that the debris flow started accumulating material and kinetic energy, since the seismic amplitude of a debris flow is proportional to its discharge (Huang et al. 2008) . Second, the seismic records detect a series of signal spikes starting at about 22:50:00. Although the location of the events related to the spikes cannot be determined using seismic records from only one seismic station, the spectrogram of the signal spikes shown in Fig. 6b indicates that they occurred very close to the seismic station, as their seismic energy exhibits very wide frequency content, covering almost the entire frequency range (i.e. 0-50 Hz), and high-frequency seismic signals decay rapidly (e.g., Toksöz and Johnston 1981; Huang et al. 2008; Burtin et al. 2009 ). In addition, the frequency content of the spike signals are very similar to seismic signals generated by rock collapses that were recorded within hundreds of meters (Vilajosana et al. 2008) , indicating that the spikes were most likely generated by rock falls within the Sanyanyu catchment and induced by the rain. These two features could be used for early identification of a potential debris flow and issuance of warnings. Black solid lines are best-fit double-exponential models; gray dashed lines are positions of peak frequencies Table 1 Best-fit coefficients of energy distribution model in frequency domain for three components 
Numerical Computations

Source Representation of a Debris Flow
It is generally agreed that the earthquake source can be represented by the double-couple model (Aki and Richards 2002) . For movements on the earth's surface, such as landslides, debris flows, and glacier avalanches, the seismic source is better represented by a single-force (SF) model (e.g., Kanamori and Given 1982; Kanamori et al. 1984; Hasegawa and Kanamori 1987; Dahlen 1993; Fukao 1995; Ekström et al. 2003) . Based on the analyses of a slope-slide model, the three component forces applied to the crust by a landslide or a debris flow can be expressed as (e.g., Zhao et al. 2015) :
where m is the mass of flowing material, g is the gravitational acceleration, h is the slope along the flow path, l is the dynamic frictional coefficient, and u is the azimuth of the flow direction. The forces are mainly composed of two parts: the body force associated with the gravity and the frictional force generated along the slip surface. Previous studies have shown that the seismic signals generated by landslides and debris flows can be divided into highfrequency components and low-frequency components. The high-frequency components are mainly caused by the friction between the sliding material and the surroundings and collisions within the sliding material (e.g., Ekström and Stark 2013; Yamada et al. 2013; Hibert et al. 2014 ); while the low-frequency component characterizes unloading and reloading processes of the crust caused by acceleration and deceleration of the sliding mass (e.g., Li et al. 2017) . The amplitude spectrum of the seismic signal generated by the Sanyanyu debris flow is shown in Fig. 3 . It can be observed that the predominant frequency is relatively high, approximately 5-10 Hz, and the low-frequency energy is weak, which is consistent with previous studies (e.g., Huang et al. 2008), indicating that the unloading and reloading of the crust is not obvious throughout the entire process of the debris flow, and the speed of the debris flow is relatively stable. Therefore, we use only the friction [the terms with the frictional coefficient in Eqs.
(3)-(5)] as seismic sources of the debris flows in calculating synthetic seismograms. The synthetic seismograms can be expressed as a convolution of source time functions and Green's functions. For given locations of a seismic source and seismic stations and a single-force representation of seismic source, the synthetic seismic records can be expressed as follows:
where Dt is the time sampling interval, s m is the mth seismic record, f i is the ith component unit force, and G im is Green's function of f i to s m , calculated using the matrix propagation method (Wang 1999 ). The velocity model is derived from Crust1.0. In calculating synthetic seismograms of a landslide, the seismic source is generally assumed to be a point source at a fixed location (e.g., Ekström and Stark 2013; Hibert et al. 2014; Li et al. 2017; Huang et al. 2018 ). This assumption is satisfied when the epicentral distance of the seismic stations is much larger than the spatial range of the landslide. Under this assumption, the seismic source is only a function of time, which can greatly simplify the calculation. However, the spatial scale of the debris flows is too large to be ignored compared with the distances between the event and seismic stations, indicating that the source can no longer be treated as a fixed source. Therefore, we use a moving point source model for the debris flow in the calculation.
Synthetic Seismograms for the Sanyanyu Debris Flow
Synthetic seismograms for the Sanyanyu debris flow are calculated using the shape of the flow path, the altitude, and slope along the channel provided in Fig. 7a -c, respectively. Field investigations found that the total volume of sedimentary deposits accumulated by the debris flows was about 2.2 million m 3 , and 64% came from the Sanyanyu drainage basin. Therefore, the mass of the Sanyanyu debris flow was about 3.24 9 10 9 kg, assuming a debris flow density of 2.3 9 10 3 kg/m 3 . This total volume of sedimentary deposits was accumulated during several tens of minutes, and in the process of the Sanyanyu debris flow, the mass was only part of it. In addition, the mass of the flowing material was continuously increasing due to entrainment of sedimentary material. Therefore, we construct a mass model for the Sanyanyu debris flow in which the mass increases exponentially from 6.5 9 10 4 kg at the beginning to 6.5 9 10 5 kg at the end. The velocity of the debris flow is assumed to be 10 m/s in the calculation based on estimations using empirical equations (Tang et al. 2011) . Synthetic seismograms for the Sanyanyu debris flow are shown in Fig. 8 . Figures 2 and 8 reveal that synthetic seismograms and actual seismic records have similar amplitude variation characteristics, i.e. they increase in approximately an exponential manner with time and finally reach around 0.1 mm/s. These characteristics are partly related to the shape of the debris flow channel and partly caused by the increase in the mass of the flowing material. Field seismic records show that seismic amplitude began to increase at approximately 23:33:10, 23:36:20, and 23:37:35, i.e. 6 min 5 s, 2 min 55 s, and 1 min 40 s before the end of the seismic records (23:39:15), indicating the increase in the debris flow discharge (Huang et al. 2007 (Huang et al. , 2008 . Correspondingly, there are also three amplitude increase stages (especially on the U-D component) on the synthetic seismograms at approximately 125, 210, and 320 s, showing characteristics similar to the actual seismic records, suggesting that numerical computations of seismic signals generated by debris flows can effectively describe features of their movement stages. The seismic amplitude increases in an approximately exponential manner with time, which is partly because of the actual increase in the debris flow mass and partly because of the approaching debris flow with time. The increase in mass by entraining deposited material along the path plays a very important role in the increase in seismic amplitude, as the amplitude would increase at a lower rate if it were caused purely by the approach of the debris flow. In addition, satellite images before and after the debris flow reveal that the gully was widened significantly (Tang et al. 2011) , indicating that additional material was entrained into the flowing mass.
Analyses, Discussion, and Conclusions
The Zhouqu debris flows, which were induced by heavy rain, resulted in 1765 fatalities and huge economic loss. The ZHQ seismic station is located on the path of the Sanyanyu debris flow to Zhouqu County and recorded the entire debris flow process, providing a good opportunity to analyze characteristics of debris flow seismic signals recorded at a very near field. We find that the energy distribution of seismic signals in the frequency domain can be well represented by a double-exponential model, and the direction of the debris flow can be estimated by analyzing the influence of the Doppler effect on the peak frequency of different components. Stages of the debris flow are well illustrated on spectrograms. Two possible precursors, i.e. a rapid increase in seismic amplitude and a series of signal spikes, are also identified.
The focal mechanism of earthquakes can be well represented by a double-couple model, and the radiation pattern of seismic energy satisfies four-quadrant distribution (Aki and Richards 2002) . Seismic sources of large-scale earth surface processes such as landslides and debris flows can be represented by a single-force model, i.e. each component of the source is a time series of force acting on the crust. Seismic signals generated by landslides and debris flows consist of two components: the high-frequency component induced by fractions between the flowing (sliding) material and the boundaries, and the lowfrequency component generated by unloading and reloading of the crust caused by acceleration and deceleration of the bulk movement. The duration of a debris flow is generally longer, and the velocity of a debris flow changes very little after reaching a stable state. Therefore, the seismic source of a debris flow is provided mainly by the frictional force. We modified the debris flow seismic source model by taking only the frictional terms of the force and used a moving point source to calculate synthetic seismograms of the Sanyanyu debris flow. The results are consistent with the field observations in the outlines of seismic amplitude, i.e. the pattern of exponential increase, and three obvious stages of increasing amplitude. Their maximum values are also close.
Seismic signals reveal that there are at least two types of possible precursor characteristics before the formation of the Sanyanyu debris flow: first, a series of signal spikes starting at about 22:50:00; second, about 10 min before the formation, the seismic amplitude begins to increase rapidly. If we take the features as the precursors of the debris flow, we have at least 15 min before the debris flow destroys Zhouqu County. If the warning information can be issued to the local residents in time, the number of casualties will be significantly reduced. An efficient debris flow early warning system should be established to prevent such disasters in the future. The system should include at least the following components: First, a small network containing at least three seismic stations should be deployed in a carefully designed location taking into account the local terrain. Second, seismic characteristics in both the time and frequency domains should be monitored in real time. This work is not necessarily carried out at the seismic station; instead, it can be done remotely. Third, a complete information exchange system is needed to ensure that the early warning information obtained from the seismic station can be transmitted to the control center in time and then distributed to the public. This system must be responsive, since the time involved is just tens of minutes. In addition, since geological and geographical features are different for different debris flow gullies, if numerical simulations are performed based on the seismic geological characteristics of each region to obtain the expected seismic response, the results could be very helpful for the early warning system. Other factors, such as rainfall, also need to be considered.
